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The molecular mechanisms responsible for specifying the dorsal–ventral pattern of neuronal identities in dorsal root ganglia (DRG)
are unclear. Here we demonstrate that Sonic hedgehog (Shh) contributes to patterning early DRG cells. In vitro, Shh increases both
proliferation and programmed cell death (PCD). Increasing Shh in vivo enhances PCD in dorsal DRG, while inducing greater proliferation
ventrally. In such animals, markers characteristic of ventral sensory neurons are expanded to more dorsal positions. Conversely, reducing Shh
function results in decreased proliferation of progenitors in the ventral region and decreased expression of the ventral marker trkC. Later
arising trkA+ afferents make significant pathfinding errors in animals with reduced Shh function, suggesting that accurate navigation of later
arising growth cones requires either Shh itself or early arising, Shh-dependent afferents. These results indicate that Shh can regulate both cell
number and the distribution of cell types in DRG, thereby playing an important role in the specification, patterning and pathfinding of
sensory neurons.
© 2007 Elsevier Inc. All rights reserved.Keywords: Dorsal root ganglia; Sonic hedgehog; Proliferation; Programmed cell death; PathfindingIntroduction
Shh plays a prominent role in the patterning of neuronal cell
fates along the dorsal–ventral (D–V) axis of the developing
neural tube (Lee and Jessell, 1999; Tanabe and Jessell, 1996).
During normal spinal cord development, induction of different
ventral cell types requires different concentrations of Shh
derived from the notochord and floor plate (Chiang et al., 1996;
Marti et al., 1995; Roelink et al., 1995). Ectopic application of
Shh is sufficient to induce formation of motor neurons, a ventral
phenotype, in the dorsal neural tube (Ericson et al., 1996;
Ericson et al., 1995). Treatment with exogenous Shh at earlier
stages results in formation of excess numbers of ventral
neuronal precursors and floor plate cells, which are subse-⁎ Corresponding author. Interdepartmental Program in Neuroscience, Uni-
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(Oppenheim et al., 1999). Conversely, blocking Shh function
with neutralizing antibodies reduces progenitor cell division and
subsequently prevents differentiation of ventral progenitors into
motor neurons (Ericson et al., 1996). These results indicate that
Shh both patterns cell fates along the D–V axis of the spinal
cord and regulates cell number through its effects on
proliferation and PCD.
In addition to its role in neural tube development, Shh
produced by the notochord and floorplate influences the
D–V patterning of the somites, mesodermal structures lateral
to the neural tube. Shh induces somites to form ventral
sclerotome (Capdevila et al., 1998; Fan and Tessier-Lavigne,
1994; Zeng et al., 2002), and promotes proliferation in early
somite (Zeng et al., 2002). Thus, Shh both influences D–V
patterning and regulates cell number within diverse tissues
of the developing embryo.
The dorsal root ganglia (DRG) of the peripheral nervous
system are derivatives of the neural crest that differentiate
between the neural tube and somites. Previous work has
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neural crest cells and for their correct migration (Liem et al.,
1995, 1997; Placzek and Furley, 1996; Sela-Donenfeld and
Kalcheim, 1999; Wu et al., 2003). For example, exposure of
premigratory crest to factors derived from the dorsal neural tube
(most likely members of the Wnt-family) is required for neural
crest cells to differentiate as peripheral neurons and glia (Dorsky
et al., 1998; Honore et al., 2003; Yanfeng et al., 2003). Further,
Shh promotes neural crest proliferation (Fu et al., 2004) and
survival (Ahlgren and Bronner-Fraser, 1999; Ahlgren et al.,
2002) in addition to regulating crest motility (Testaz et al.,
2001). However, once crest cells have become committed to a
sensory lineage and have arrested migration in the vicinity of
the forming sensory ganglia, the factors controlling the
subsequent patterning of sensory neurons within the DRG are
poorly understood (Marmigere and Ernfors, 2007). Recent data
suggests that the Runx transcription factors Runx1 and Runx3
play important roles in regulating the projections of nociocep-
tive, proprioceptive and mechano-receptive sensory neurons in
the spinal cord (Chen et al., 2006; Inoue et al., 2007; Kramer et
al., 2006; Levanon et al., 2002). However, the Runx genes are
not expressed until relatively late in sensory development, after
neurons project into the periphery, and the factors controlling
the initiation of Runx expression and the pattern of peripheral
sensory projections are not known.
Our previous work has indicated that sensory neurons have
unique behavior and patterns of gene expression very early in
development, shortly after they are generated from neuronal
progenitors and well before sensory growth cones extend into
the periphery and interact with target tissues (Guan and
Condic, 2003; Guan et al., 2003). These data indicate that the
fates of sensory neurons do not depend on target-derived
factors, but rather are determined either in the neural crest or
during early DRG development. The early determination of
sensory neuron subtypes is supported by embryological
manipulations that demonstrate exposure to target-derived
neurotrophins is not sufficient to cause sensory neurons to
alter their central projection in the spinal cord (Oakley and
Karpinski, 2002; Oakley et al., 2000), again indicating that the
specification of sensory neurons has been largely accom-
plished prior to the establishment of peripheral projections.
While these experiments establish the developmental window
during which sensory specification occurs, they do not identify
the factors responsible for the specification of sensory
phenotypes.
By analogy to the D–V patterning of neural tube and
somites, it is possible that sensory neurons in DRG are
specified early in development at least in part as a
consequence of diffusible cell signaling molecules, such as
Shh. In humans (Josephson et al., 2001), rodents (Inoue et
al., 2002; Levanon et al., 2002) and avians (Guan et al.,
2003; Rifkin et al., 2000), sensory neuron subtypes are
distributed in a rough D–V pattern within the DRG (see
Supplemental Figure). The early-born proprioceptive neurons
are located in the ventral–lateral third of the DRG while later
born cutaneous neurons are more broadly distributed along
the D–V axis, including the extreme dorsal–medial (DM)region, and may arise from distinct populations of neural
crest cells (Marmigere and Ernfors, 2007). Here we
investigated whether Shh regulates this D–V patterning of
sensory subtypes in DRG. We found that in vitro, Shh
promoted both cell proliferation and PCD of early DRG cells.
In vivo, exogenous Shh selectively promoted proliferation of
ventrally located neural progenitors while inducing cell death
in the dorsal region of the DRG. Moreover, increased Shh
function expanded the expression of markers characteristic of
ventral sensory neurons to more dorsal DRG positions. When
loss of Shh function reduced the number of early arising
ventral neurons, pathfinding of later arising afferents was
aberrant. These results indicate that Shh can regulate DRG
cell number, the distribution of sensory phenotypes and
sensory pathfinding.
Materials and methods
Embryonic treatment and sectioning
All experiments were performed on white leghorn chickens. At stage 21
(Hamburger and Hamilton, 1951), a window was cut in the shell, the embryo
was stained with 0.5% neutral red in phosphate-buffered saline (PBS). Shh
(R&D Systems, Minneapolis, MN) at 0.75 μg/egg (Oppenheim et al., 1999) or
Shh function-blocking antibody 5E1 [Developmental Studies Hybridoma Bank
(DSHB), Iowa City, IA] at 50 μg/egg was injected under the vitelline membrane.
The embryo was moistened with Ringers (150 mM NaCl; 3 mM KCl; 17 mM
NaHCO3; 1 mM MgCl2; 3 mM CaCl2; 12 mM dextrose; 10 mM HEPES;
pH=7.4). Eggs were sealed with paraffin and a cover slip and returned to a
37 °C incubator until desired stages. To examine cell proliferation, BrdU was
injected at 30 μg/egg 1 h prior to fixation. At the end of the incubation period,
embryos were removed, staged (Hamburger and Hamilton, 1951), rinsed in PBS
and fixed in 4% paraformaldehyde overnight at 4 °C. After washing with PBS,
the embryos were transferred through 5%, 15%, and 30% sucrose in PBS,
embedded in OCT (Sakura Finetek, Torrance, CA), and cryosectioned to a
thickness of 16 μm at the lumbar level.
Measurements of sectioned DRG
To measure the size of the first three lumbosacral DRG (LS1, LS2 and LS3)
under different treatment conditions, the cross-sectional area of the largest
section was measured. Images of these sections were captured at 20×
magnification and analyzed using the NIH Image software. To analyze the
dorsal/ventral pattern of cell proliferation and death in DRG, we acquired a 20×
image of every other section from LS1, LS2 and LS3 DRG. The midpoint of the
longest axis of the DRG was determined, and a line was drawn from this
midpoint to the bottom of the neural tube to divide the DRG into dorsal–medial
and ventral–lateral regions, as illustrated in Figs. 2B and 3A. The total number
of BrdU+ or TUNEL+ cells in each region of the DRG was determined for LS1,
LS2 and LS3 DRG from at least three independent experiments.
Embryonic cell culture
Dissociated DRG cell cultures were prepared as previously described (Guan
et al., 2003). Briefly, lumbar DRG at stage 23 were dissociated (0.2% trypsin in
PBS for 20 min at 37 °C), and the suspension was enriched for neurons by pre-
plating on tissue culture plastic for 2 h and harvesting the non-adherent neuronal
cells. The DRG neurons were cultured on UV-sterilized cover slips (Fischer
Scientific, Houston, TX) that had been baked previously at 350 °C for 12 h and
then coated with 50 μg/ml fibronectin (FN) (Invitrogen, Grand Island, NY) in
PBS for 2 h at room temperature. The dissociated DRG cells were cultured in
neural basal medium (F-12 medium plus 10 ng/ml N2 additives, 500 μM L-
glutamine, 25 μM glutamic acid, 10 U/ml penicillin, 10 U/ml streptomycin, all
from Invitrogen) supplemented with 5 μg/ml Shh (Testaz et al., 2001). In control
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incubator with 5% CO2 for 48 h.
TUNEL and BrdU labeling
Cultured cells: After culturing dissociated DRG cells for 48 h, a 12 h
bromodeoxyuridine (BrdU) pulse at 10 μg/ml was given. Cover slips were fixed
in 4% paraformaldehyde for 30 min, rinsed, incubated at room temperature in
fresh 2 N HCl for 10 min to denature DNA and so render the incorporated BrdU
accessible to antibodies, then neutralized with 0.1 M Na2B4O7, pH=8.5 for
another 10 min. Mouse anti-BrdU antibody G3G4 was obtained from DSHB and
was used at 1:3 dilution in the blocking buffer (5% NGS, 0.1% Triton X-100 and
1% BSA) at 4 °C overnight. The next day, the cells were rinsed with PBS,
followed by goat anti-mouse Alexa-568 (Molecular Probes, Eugene, OR)
secondary antibody at 1:200 in blocking buffer for 1 h. Then the cultures were
labeled with 4′, 6′-diamidino-2-phenylindole (DAPI) for 1 h at 10 μg/ml to
reveal the nuclei. For TUNEL labeling, cover slips were washed with PBS,
permeabilized in fresh 0.1% sodium citrate and 0.1% Triton X-100 solution for
2 min on ice, and incubated in TUNEL (Terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling, Roche, Mannheim, Germany) mixture at
37 °C for 1 h. In some cases, cultures were double labeled with both TUNEL and
BrdU. Finally, the cell culture cover slips were mounted in SlowFade medium
(Molecular Probes). To determine the percentages of BrdU+ or TUNEL+ cells, at
least 100 DAPI+ DRG cells were counted in each of 5 or 7 independent batches
of cell cultures. Cryostat sectioned embryos were processed for TUNEL and
BrdU staining as above. For quantifying cells double labeled with TUNEL and
trkA (see below), every other section was scored at 40× by an observer blind to
the experimental conditions. TUNEL+ cells in the dorsal most and ventral most
thirds of the ganglia were scored as trkA+ or trkA−.
In situ hybridization on cryostat sections
Treated embryos were incubated to stage 25, dissected in DEPC-PBS (PBS
with 0.1% Diethyl Pyrocarbonate, pH=7.1), fixed, embedded and sectioned.
Sections were fixed in 4% paraformaldehyde for 20 min. After washing, the
sections were permeabilized with proteinase K (1 μg/ml) for 10 min, acetylated
with triethanolamine and acetic anhydride for 10 min, then hybridized overnight
with Dig-labeled probes. The sections were incubated in AP conjugated anti-Dig
antibody and reacted with NBT/BCIP. For all experiments, control sense probes
were negative.
Immunohistochemistry on cryostat sections
The sections were incubated for 20 min at room temperature in TBS buffer
(10 mM Tris, pH 7.4, 150 mM NaCl) containing 0.1% Triton X-100. Rabbit
polyclonal antibodies to trkA and trkC were generously provided by Dr. Frances
Lefcort (Montana State University, Bozeman, MT). TrkA or trkC staining was
conducted using Tyramide Signal Amplification (TSA), according to the
protocols of the manufacturer (NENTM Life Science Products, Inc., Boston,
MA). Goat anti-rabbit conjugated to biotin was used at 1:600, FITC-avidin at
1:600 and goat anti-rabbit conjugated to Cy-3 at 1:2000 (all from Jackson) in
NGS buffer (0.03 M Tris, 0.15 M NaCl, glycine at 10 mg/ml, 0.4% Triton X-
100, 10% normal goat serum) and mounted as described above.
Results
Sensory neurons in chick are generated in a specific temporal
and spatial sequence. As early as stage 19–20 (embryonic day
3–3.5; E3–3.5) neurons in the ventral–lateral (VL) region of
lumbar DRG have withdrawn from the cell cycle and are
beginning to extend axons toward the plexus region of the
hindlimb (Tosney and Landmesser, 1985; Wang and Scott,
2000), whereas neurons in the dorsal–medial (DM) region are
generated as late as stage 32 (E7.5) (Carr and Simpson, 1978;
Lawson and Biscoe, 1979; Lawson et al., 1974; Rifkin et al.,2000). Early born, VL neurons are a mixed population,
containing the majority of the cells fated to be proprioceptive
(Honig et al., 1986), as well as a minority (roughly 6%) of
neurons that will project to skin (Oakley et al., 2000). Although
neurotrophin receptor expression is not an exclusive marker for
any single type of sensory neuron, the majority of neurons
found in the VL domain express the neurotrophin receptor trkC
(see Supplemental Figure). In contrast, the latest generated DM
neurons are a more homogeneous population of cutaneous
afferents that project largely to the dorsal body wall along the
dorsal ramus (Davies, 1987; Davies and Lumsden, 1990). The
majority of DM neurons express the trkA neurotrophin receptor.
During DRG development, both neurons and glia are generated
from the same multipotent progenitors (Marmigere and Ernfors,
2007), with neurons being generated first, and glia arising
significantly later, from stage 27 on (Wakamatsu et al., 1999,
2000). While the time course of neurogenesis differs signifi-
cantly between vertebrate species, the general temporal
sequence (VL cells being born prior to DM) and spatial
distribution of sensory cell fates along the D–Vaxis of the DRG
is highly conserved in rodents (Levanon et al., 2002; Mu et al.,
1993; White et al., 1996; Wright and Snider, 1995) and in
humans (Josephson et al., 2001).
Shh stimulates PCD of early DRG cells in vitro
To determine whether Shh directly affects early DRG cells,
we treated cells derived from stage 23 DRG with Shh in vitro
(Testaz et al., 2001). Dissociated DRG from this stage contain
post-migratory neural crest, proliferating multi-potent progeni-
tors (Marmigere and Ernfors, 2007) and small numbers of post-
mitotic VL neurons that are largely fated to be proprioceptive
(Carr and Simpson, 1978; Rifkin et al., 2000; Wakamatsu et al.,
1999). Previous work indicates that Shh increases programmed
cell death (PCD) in both spinal cord (Oppenheim et al., 1999)
and limb bud (Sanz-Ezquerro and Tickle, 2000). We therefore
examined PCD in Shh-treated cultures established from stage
23 DRG. Shh induced a significant increase (pb0.01; t-test) in
TUNEL+ cells (Fig. 1A) compared to untreated cultures,
demonstrating that Shh acts directly on early DRG cells to
promote cell death.
Shh stimulates proliferation of early DRG cells in vitro
We also examined cell proliferation in Shh treated DRG
cultures (Testaz et al., 2001) established from stage 23 embryos.
Shh significantly (pb0.01; t-test) promoted proliferation of
early DRG cells in vitro, roughly doubling the percentage of
cells that incorporate BrdU in culture (Fig. 1B). These results
support the conclusion that Shh acts directly on early DRG
cells, and further indicate that Shh acts as a mitogen to stimulate
proliferation in this population. Double labeling of control
cultures with both BrdU and TUNEL indicated that there was
very little overlap between proliferating cells and those
undergoing PCD. On average, 28% of the cells were labeled
with BrdU, but only 2% were double-labeled for both BrdU and
TUNEL (data not shown). Shh treatment increased the number
Fig. 1. Programmed cell death and proliferation of early DRG cells are stimulated by Shh in vitro. (A) Top panel: Double labeling of cells with DAPI (blue) and
TUNEL (green) in cultures derived from stage 23 dissociated DRG. Bottom panel: The percentage of TUNEL+ cells out of total DAPI+ DRG cells was determined
from at least 100 DAPI+ cells in each of 7 independent experiments. (B) Top panel: Double labeling of cells with DAPI (blue) and BrdU (red) in cultures derived from
stage 23 dissociated DRG. Bottom panel: The percentage of BrdU+ cells out of total DAPI+ DRG cells was determined from at least 100 DAPI+ cells in each of 5
experiments. ⁎Shh significantly different from control (t-test, pb0.01). Arrowheads indicate doubly labeled cells. Arrows indicate cells unlabeled by TUNEL or BrdU.
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cells, suggesting that few of the cells induced to proliferate by
Shh subsequently die. Thus in vitro, Shh appears to act on
largely independent populations within the early DRG to
promote either cell proliferation or cell death.
Early DRG cells in vivo respond to Shh
To determine whether Shh indeed acts on distinct popula-
tions of cells in developing DRG, we examined the effects of
Shh on sensory development in vivo. We treated embryos with
Shh (Oppenheim et al., 1999) or with Shh function-blocking
antibody 5E1 (Ericson et al., 1996) at stage 21, and examined
DRG at stage 25–27. These stages were chosen because in
lumbar regions, the D–V patterning of both spinal cord (Briscoe
et al., 2000) and somite (Brent and Tabin, 2002) are largely
complete by stage 15, and the coalescence of neural crest into
sensory ganglia is complete by stage 20 (Le douarin and
Kalcheim, 1999). The earliest lumbar DRG neurons are born
around stage 19 and begin to extend along the ventral sensory
route starting at stage 20 (Le douarin and Kalcheim, 1999).
Thus, manipulating Shh function at stage 21 allowed us to
exclude any early effects of Shh on neural crest specification,
migration or arrest, and to specifically examine the effects of
Shh on DRG patterning and proliferation. During these stages,
notocord and floorplate are the primary sources of Shh in theregions of the DRG (Marti et al., 1995; Oppenheim et al., 1999),
but Shh is not found in the DRG itself (Oppenheim et al., 1999).
To determine the efficacy of Shh and 5E1 treatment under
our experimental conditions, we examined the expression of
chick patched-1 (ptc-1), a Shh receptor that is strongly induced
by Shh (Marigo et al., 1996; Marigo and Tabin, 1996; Pearse et
al., 2001). Consistent with previous work, we found that while
very few cells express ptc-1 in DRG under control conditions,
exogenous Shh greatly increased ptc-1 expression in the neural
tube and DRG, while blocking Shh function with 5E1 decreased
ptc-1 expression (Supplemental Figure). Together these results
indicate that early DRG cells in vivo respond to Shh gain and
loss of function manipulations, supporting the possibility that
Shh influences early sensory development.
Shh alters DRG programmed cell death in a D–V pattern
To examine the effects of Shh on DRG cell death in vivo,
embryos were treated with Shh at stage 21 and maintained in
ovo until either stage 23 (approximately 18 h post treatment) or
stage 25 (approximately 36 h post treatment). The embryos
were removed from the eggs, staged to ensure all animals had
developed to the same embryonic age, sectioned and processed
for TUNEL staining.
Consistent with the normal period of cell death during the
development of sensory ganglia (Caldero et al., 1998), we
Table 1
Cells double labeled for TUNEL and TrkA
Control Shh
trkA− trkA+ trkA− trkA+
Dorsal 4.3 0.5 7.2⁎ 5.8⁎
Ventral 3.5 0.5 3.6 1.4
Embryos were treated with saline (control) or Shh at stage 21 and analyzed for
TUNEL and trkA labeling at stage 25. Cells in either the dorsal-most or ventral-
most third of the DRG were scored. Average number of TUNEL+ cells per
animal that were either positive or negative for trkA labeling are given. At least
12 DRG (LS1–LS3) from at least four animals were counted for each condition.
⁎Dorsal Shh condition is significantly different from control (pb0.005, Fisher's
exact test).
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(not shown), although altering Shh function at this stage
affected PCD in the apical ectodermal ridge and underlying
mesoderm of the limb (Fig. 2A), as anticipated (Chiang et al.,
1996; Kraus et al., 2001; Sanz-Ezquerro and Tickle, 2000; Todt
and Fallon, 1987).
By stage 25, we observed TUNEL-labeling in the DRG of
control and experimental animals. Images of TUNEL-labeled
DRG were divided into DM and VL regions to analyze Shh-
induced death along the D–V axis of the ganglion (Fig. 2B).
Consistent with the ability of Shh to directly promote DRG cell
death in vitro (Fig. 1), exogenous Shh greatly increased PCD in
DM-DRG (where cells normally experience lower levels of Shh
signaling due to their greater distance from the ventral structures
that produce Shh in the embryo), while not altering cell death in
VL-DRG (where Shh signaling is normally high; Fig. 2C).
Increased cell death in DM regions could reflect the fact that
dorsal DRG cells are born later than ventral cells (Carr and
Simpson, 1978) and are therefore at an earlier developmentalFig. 2. Exogenous Shh selectively stimulates programmed cell death of DM
DRG cells in vivo. (A) At stage 23, no TUNEL+ cells were observed in DRG for
any condition (not shown). However, numbers of TUNEL+ cells in the apical
ectodermal ridge and distal mesenchyme of the limb were decreased by Shh and
increased by 5E1 at this stage, indicating that these treatments affect cell death as
expected (Chiang et al., 1996). (B) At stage 25, TUNEL staining was observed
in DRG of control, Shh and 5E1 treated embryos. Cartoon illustrates the division
of DRG into DM vs. VL regions, as described in Materials and methods. (C)
TUNEL+ cells in DM and VL regions of DRG LS1, LS2 and LS3, with data
from at least three independent experiments shown. ⁎Significantly different
from DM controls (t-test, pb0.01). #Significantly different from VL Shh treated
(t-test, pb0.01).stage (see discussion of proliferation, below). However, the
effects of Shh treatment were nearly identical in DRG along the
rostrocaudal axis; in particular, Shh did not increase cell death
in VL cells in more caudal (i.e. developmentally younger)
ganglia (Fig. 2C). Thus, the differential effects of Shh on PCD
in DM versus VL cells is unlikely to be due to the younger
developmental age of DM cells. In addition, the fact that we did
not observe an increase in cell death in stage 23 DRG by
enhanced Shh function (see legend of Fig. 2) further supports
the conclusion that the restriction of Shh-induced PCD to DM-
DRG at stage 25 (Fig. 2C) represents a real difference in the
response of DM and VL cells to Shh, rather than being merely
due to developmental age of later born DM cells compared to
developmentally “older” VL cells.
In contrast to increasing Shh function, blocking Shh function
did not alter cell death in either the dorsal or ventral regions of
the DRG. Failure to detect an effect of 5E1 treatment on cell
death may reflect the very low numbers of cells undergoing
apoptosis in the DRG at this stage (typically less than 10
TUNEL+ cells were observed in the DRG under control
conditions). Alternatively, failure of 5E1 to block cell death may
suggest that at stage 25, DRG cells are not dependent on Shh for
survival. Nevertheless, the finding that exogenous Shh
increases PCD in vivo indicates that, similar to our findings in
vitro, Shh can regulate PCD in early DRG. Further, by stage 25
there are differences between sensory progenitors located in VL
and DM DRG that are revealed by the differential response of
cells along the D–V axis to Shh.
To further investigate the identity of cells that are induced to
die in response to higher levels of Shh signaling, we double
stained sections of embryos with TUNEL and antibodies
directed against the neurotrophin receptor trkA, a marker for
postmitotic neurons that predominantly project to skin (Henion
et al., 1995; Rifkin et al., 2000). In control (saline treated)
embryos, very few trkA+ cells were also TUNEL+ (a total of 4
cells observed in 24 ganglia from four animals). In contrast, Shh
treatment greatly increased the numbers of trkA+ cells under-
going programmed cell death, with this effect being largest in
the dorsal regions of the DRG (see Table 1). This suggests that
postmitotic, trkA+ neurons are induced to die in response to
high levels of Shh. The trkA−/TUNEL+ cells we observed could
be either other classes of postmitotic neurons that are present in
small numbers in dorsal DRG or progenitor cells.
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To examine the effects of Shh on DRG proliferation in vivo,
embryos were treated with Shh and 5E1 as above. At the end of
the incubation period, embryos were given a BrdU pulse, and
BrdU incorporation in the DM and VL halves of the DRG was
examined in cryosectioned specimens (Fig. 3A).
At stage 23, greater numbers of BrdU+ nuclei were observed
in VL regions than in DM of control DRG (Table 2; Carr and
Simpson, 1978; Rifkin et al., 2000). Consistent with the ability
of Shh to directly promote DRG proliferation in vitro (Fig. 1),
Shh treatment increased proliferation in both VL and DM
DRG, and proliferation was significantly reduced when Shh
function was blocked (Fig. 3B), suggesting that at stage 23 Shh
functions as a mitogen for early DRG progenitors regardless of
their D–V location.
By stage 25, most (but not all) progenitors in the VL region
have exited the cell cycle in branchial DRG (Carr and
Simpson, 1978; Rifkin et al., 2000), whereas the majority of
progenitors in DM-DRG are still actively proliferating.
Consistent with this finding, we observed greater numbers of
BrdU+ nuclei in DM-DRG, compared to VL-DRG of control
animals at this stage (Table 2). Treatment with Shh increased
BrdU incorporation in both DM- and VL-DRG (Fig. 3C; TableFig. 3. Exogenous Shh predominantly stimulates the proliferation of VL DRG cell
embryos at stage 25. Cartoon illustrates the division of DRG into DM vs. VL regions,
LS2 ganglia is increased equally in both the DM and VL regions following Shh tr
throughout the ganglia. ⁎Significantly different (pb0.01; t-test). Both treatments are
proliferation in a D/V pattern. BrdU+ cells in DM and VL regions of LS1, LS2 and
independent experiments shown. ⁎Significantly different from 5E1 treated (t-test, p2). However, the percent increase observed in the VL region of
the DRG was significantly greater than that observed in the
DM region (Fig. 3C).
As noted above, VL cells are developmentally more mature
than DM cells (Carr and Simpson, 1978), raising the possibility
that differences in the extent to which Shh increased prolifera-
tion in dorsal versus ventral cells merely reflect differences in
the developmental age of the progenitors. DRG also differ in
age along the rostral–caudal axis, with numbers of BrdU+ cells
being significantly greater in (developmentally older) LS1
ganglia than in LS3 at stage 25 (Table 2). However, Shh did not
induce statistically greater DM proliferation in rostral (i.e.
developmentally older) versus caudal ganglia (Fig. 3C),
suggesting that developmental stage does not account for the
differences in Shh-induced proliferation between DM and VL
regions. These observations further support the conclusion that
by stage 25, there are distinct dorsal and ventral populations of
proliferating DRG progenitors that are differentially responsive
to Shh.
Shh alters DRG size
DRG in embryos treated with Shh frequently appeared larger
than control DRG from the same axial level (e.g. Figs. 2B ands. (A) Examples of BrdU labeling of DRG from control, Shh and 5E1 treated
as described inMaterials and methods. (B) The number of BrdU+ cells in stage 23
eatment at stage 21, while 5E1 treatment results in a reduction of BrdU+ cells
also different from control ganglia (pb0.01; t-test). (C) At stage 25, Shh alters
LS3 DRG from control, Shh, 5E1 treated embryos, with data from at least three
b0.02). #Significantly different from DM Shh treated (t-test, pb0.02).
Fig. 4. Expansion of trkC expressing cells in animals with altered Shh function.
At stage 23, LS2 DRG stained for trkC show comparable numbers of labeled
cells and axons in control and Shh treated animals, while animals treated with
5E1, a Shh function-blocking antibody, have reduced numbers of trkC+ cells. By
stage 25, in Shh treated animals there is a notable increase in the number of trkC+
cells, and a corresponding decrease in 5E1-treated animals. All images are mid-
ganglion sections of the LS2 DRG. White lines enclose trkC+ cells, to illustrate
approximate distribution of these cells within the ganglion.
Table 2
Numbers of BrdU+ cells in VL and DM regions of DRG
Embryos were treated as indicated at stage 21 and analyzed for BrdU incorporation following a pulse at stage 23 or 25. Average numbers of BrdU+ cells in DM
and VL regions of DRG±S.E.M. are given from at least three independent experiments. Shaded boxes are significantly different from corresponding control
values (pb0.02; t-test).
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and 5E1 treated embryos at stage 25 (Supplemental Figure), and
observed a significant increase in DRG area in embryos treated
with Shh. DRG in animals treated with 5E1 were comparable in
size to control DRG. Increased size of DRG was not due to
increased cell size; average size of cells measured from
hematoxylin–eosin stained paraffin sections was not statistically
different (pN0.2, t-test) in Shh treated and control animals (average
cell size±S.E.M. for at least 20 cells in LS1was 75.6±3.5 μm2 for
Shh treated animals and 80.1±4.4 μm2 4.4 for controls). Thus
increased size of DRG is likely to reflect increased cell number
in embryos treated with Shh.
Shh is required for proliferation of early trkC+ ventral cells
To determine whether Shh alters the development of
different classes of sensory neurons, we examined trk expres-
sion at stages 23 and 25 in animals that had received Shh gain
and loss of function treatments at stage 21. All DRG neurons
initially express trkC, and beginning around stage 25, trkC starts
to be restricted to proprioceptive neurons located in the ventral
DRG (Guan et al., 2003; Rifkin et al., 2000). Previous work has
demonstrated that a subset of migratory neural crest express
trkC (Henion et al., 1995; Rifkin et al., 2000), suggesting that
the earliest arising trkC+ neurons may be derived from a
restricted population of trkC+ progenitors in the neural crest.
In animals with Shh gain of function, trkC expression was
comparable to control DRG at stage 23, yet by stage 25, DRG
were notably larger and trkC expression was expanded into a
more DM domain (Fig. 4). In contrast, Shh loss of function
resulted in decreased trkC expression and a loss of trkC+ axons
as early as stage 23 in DRG (Fig. 4). These results indicate that
alterations in Shh signaling can alter the normal pattern of trk
expression.
Together with our finding that loss of Shh function does not
alter PCD at stage 23, and does not promote increased cell death
in VL DRG at any stage (Fig. 2), the decrease of trkC+ DRG
cells in 5E1-treated embryos at stage 23 (Fig. 4) suggests that
Shh promotes proliferation of ventral, trkC+ DRG progenitors.
These findings strongly suggest that generation of early arising
VL proprioceptive neurons is significantly compromised in
animals with reduced Shh function due to decreased prolifera-
324 W. Guan et al. / Developmental Biology 314 (2008) 317–328tion of early progenitors that normally give rise to ventral
neurons. This expansion of trkC expression suggests that Shh is
driving cell proliferation, but does not necessarily require that
Shh promotes generation of ventral cells at the expense of dorsal
cells, since these populations may arise from distinct progenitor
pools (Marmigere and Ernfors, 2007).
Shh induces expression of a ventral sensory marker
To investigate further whether Shh influences the D–V
patterning of neuronal cell types in DRG, we examined
expression of a marker characteristic of ventral sensory neurons.
Our recent work has shown that cUnc-5H3, a Netrin-1 receptor
that mediates repulsive signaling, is expressed by ventral DRG
neurons (Guan et al., 2003). Similar to the expanded domain of
trkC (Fig. 4), cUnc-5H3 was dramatically up-regulated
following Shh treatment and was observed in more dorsal
locations (Fig. 5). In contrast, blocking Shh function with 5E1
did not significantly alter the domain of cUnc-5H3 expression
in DRG (not shown), suggesting that expression of this gene
does not require Shh, that expression is determined prior to the
onset of our treatment at stage 21, or that there is a “Shh
threshold” for cUnc-5H3 expression in DRG. Although we
decreased Shh signaling with 5E1 treatment, residual Shh signal
may still be above the threshold required to induce cUnc-5H3
expression in DRG.Fig. 6. Pathfinding of late arising trkA+ cells is disrupted in animals with reduced
Shh function. (A) A control embryo treated with vehicle at stage 21 and stained
for trkA at stage 25. Axons are tightly fasciculated (bracket) and extend along
preexisting pioneers (Guan et al., 2003). (B–D) Animals treated with 5E1 to
reduce Shh function. (B) TrkA+ fibers extend in an aberrant dorsal–lateral
direction (arrowheads). (C) TrkA+ fibers misroute laterally (arrowhead), the
ventral nerve is broad and bifurcated (bracket) with fibers extending in ectopic
medial positions (arrow). Similar errors were seen in 29 out of 60 5E1-treated
ganglia (see Table 3). (D) Ventral route is broad and bifurcated (bracket) with
fibers extending in aberrant medial positions (arrow). Medially projecting axons
were seen in 41 out of 60 5E1-treated ganglia (see Table 3). Scale bar in panel A
is 50 μm.
Fig. 5. Altered Shh function in vivo alters the normal D–V pattern of cUnc-5H3
expression. In situ hybridization on cryostat sections of stage 25 lumbar DRG
from control and Shh treated embryos. Shh treatment increased the expression of
cUnc-5H3 and expanded the domain of expression to more dorsal positions, an
effect that appeared somewhat more prominent in more posterior ganglia (cf.LS2
to LS4). Lines outline the ganglion and show the DVmidpoint, as in Figs. 2B and
3A. cUnc-5 expressing cells are concentrated near the outer margin of the ganglia
and images reflect themaximumdorsal extent of cUnc-5 expressing cells for each
condition. Because sections are not taken from themiddle of the ganglia, the lines
do not accurately reflect maximum DRG dimensions at the mid-point.Pathfinding errors in animals with reduced Shh function
During normal development, trkA+ sensory afferents arise
slightly later than the earliest trkC+ neurons and extend along
preexisting axon tracks pioneered by the trkC+ axons (Guan
et al., 2003). To determine whether the earliest arising DRG
neurons that pioneer the ventral route are required for correct
pathfinding by the later growing axons, we examined
pathfinding in animals in which development of the earliest
neurons was compromised by reducing Shh function. Animals
treated with 5E1 at stage 21 (after Shh-dependent patterning
of the dermomyotome and spinal cord are complete) were
examined at stage 25 for pathfinding of later arising, trkA+
sensory neurons. In 83% of DRG examined, trkA+ afferents
made significant pathfinding errors in their initial projection
toward the limb (Fig. 6, Table 3). TrkA+ neurites extended in
an aberrant dorsal–lateral direction towards the dermamyo-
Fig. 7. Summary of findings. In control conditions, DM and VL DRG neurons
express distinct markers (Guan and Condic, 2003; Guan et al., 2003) and
predominantly extend to different targets (skin and muscle, respectively). For
example, trkA+ neurons are present throughout the DRG at this stage, while
trkC+ neurons are found predominantly in the VL regions, with trkB+ neurons in
the middle third of the D–Vextend of the ganglia (see Supplemental Figure). In
Shh gain of function conditions, DRG size increases concomitant with an
increase in proliferation throughout the DRG at stage 23 that is maintained in
ventral regions until at least stage 25. Shh treatment induces an expansion of
ventral markers, and causes a significant increase in dorsal cell death at stage 25.
When Shh function is reduced, proliferation of early progenitors (at stage 23) is
reduced and the expression of the ventral marker trkC is suppressed.
Table 3
TrkA+ axon pathfinding errors











18% 3 6 15% 5 2 83% 29 41
Embryos were treated as indicated at stage 21 and stained for trkA at stage 25.
Percent of DRG with abnormal projections and total number of DRG examined
from four independent experiments are given. BN/BiN=number of DRG with a
broad or bifurcated nerve. Med=number of DRG with axons in abnormal
medial positions. Single DRG could exhibit both defects. Because we cannot
determine whether lateral axon projections in 5E1 treated animals were
abnormal or merely precocious, we did not consider DRG with lateral
projections abnormal unless they exhibited additional defects.
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normally only seen at later stages in untreated control
animals. Moreover, the ventral nerve of the DRG was not
tightly fasciculated, as it is in control animals (Fig. 6A), but
instead was frequently bifurcated and broad (Figs. 6C, D,
brackets). Finally, neurites were often observed in an aberrant
medial location, extending quite close to the ventral neural
tube (Figs. 6C, D, arrows).
Discussion
Shh plays a critical role in the patterning and growth cone
guidance of central neurons (Salie et al., 2005). Here we show
that Shh may also influence the distribution of neuronal
subtypes in dorsal root ganglia, and contribute to sensory
pathfinding. In vitro, Shh stimulates both PCD and prolifera-
tion in largely non-overlapping populations of early DRG cells,
indicating that Shh acts directly on DRG cells and functions as
a mitogen for a subset of sensory precursors. In vivo,
progenitors in the dorsal and ventral regions of DRG respond
differentially to Shh as early as stage 25 (summarized in Fig.
7). Exogenous Shh selectively stimulates proliferation of
progenitors in ventral regions and expands the expression of
markers for ventral sensory subtypes. In contrast, dorsal DRG
cells undergo increased cell death in response to exogenous
Shh. Reducing Shh function results in decreased BrdU
incorporation and a reduction of trkC+ cells from early (stage
23) DRG. Together these data suggest that Shh, which is
produced by the floor plate and notochord, contributes to the
ventral patterning of DRG neurons. Finally, later arising trkA+
DRG neurons make significant pathfinding errors when Shh
function is blocked, suggesting either that Shh directly affects
sensory pathfinding or that trkA+ cutaneous afferents are
unable to accurately pioneer the sensory nerve in the absence
early arising, ventral proprioceptive trkC+ afferents, or that
earlier arising motor or sensory axons project incorrectly, and
thereby indirectly affect the pathfinding of later arising axons.
Thus, our findings are consistent with Shh playing important
roles in sensory development by affecting cell survival,
proliferation, the D–V distribution of DRG neurons, and
sensory axon pathfinding.Shh regulates proliferation and survival in a D–V pattern
Our findings indicate that Shh promotes both proliferation
and PCD of early DRG cells in vitro and in vivo. The role of
Shh in regulating cell number in Shh-responsive tissues is
complex. Several lines of evidence suggest that Shh acts to
promote cell cycle progression in a variety of cell types (Kenney
et al., 2003, 2004; Lowrey et al., 2002; Oliver et al., 2003). In
chick neural tube, previous work has shown that exogenous Shh
induces increased proliferation and that subsequently excess
cells are removed by apoptosis (Oppenheim et al., 1999),
suggesting that Shh regulates both proliferation and death.
Somewhat in contrast to these findings, several lines of
evidence suggest that in cranial neural crest, blocking Shh
signaling, either with antibodies (Ahlgren and Bronner-Fraser,
1999) or with cyclopamine (Ungos et al., 2003) increases cell
death without affecting proliferation. In agreement with Shh
having an anti-apoptotic function, recent work demonstrates
that the hedgehog receptor patched-1 (ptc-1) plays an important
role in preventing apoptosis; when the ptc-1 is unoccupied by
ligand, death ensues (Thibert et al., 2003).
Our evidence suggests that Shh influences DRG cell number
in several ways. Shh acts as mitogen for progenitors in both
326 W. Guan et al. / Developmental Biology 314 (2008) 317–328dorsal and ventral DRG, albeit more strongly for progenitors in
ventral regions (Fig. 3). Conversely, exogenous Shh promotes
cell death in dorsal, but not ventral DRG (Fig. 2; Table 1).
Alterations in proliferation and death do not correlate with the
rostrocaudal position of the DRG (with rostral DRG being
developmentally older) or with the overall age of the embryo
(Figs. 2 and 3), suggesting that the differential effects of
exogenous Shh on dorsal and ventral DRG populations is not
likely to reflect the differences in developmental stage between
early born ventral cells and later born dorsal cells. Alter-
natively, Shh may be an endogenous mitogen in early DRG
(e.g. stage 23), but not a mitogen for the late wave of
neurogenesis in the DRG (e.g. stage 25). Our results indicate
that exogenous Shh induces trkA+ postmitotic neurons to die,
as well as trkA− cells (either other classes of neurons or
progenitors). The differential effect of altered Shh function on
DM and VL cells supports the conclusion that DRG cells in
these regions have phenotypic differences at early develop-
mental stages prior to target innervation (Oakley and Karpinski,
2002; Oakley et al., 2000).
D–V patterning, cell lineage and progenitor specification in
DRG
Shh signaling is known to influence the embryonic
progenitors of DRG in several ways. Shh promotes neural
crest survival (Ahlgren and Bronner-Fraser, 1999; Dunn et al.,
1995), and may also induce arrest of migrating neural crest in
the vicinity of the forming DRG (Testaz et al., 2001). Work in
zebrafish suggests that formation of sensory progenitors from
migratory crest cells depends on Shh function, perhaps through
Shh-dependent induction of neurogenin-1 (Ungos et al., 2003)
or regulation of members of the Runx family of transcription
factors (Chen et al., 2006; Inoue et al., 2007; Kramer et al.,
2006; Levanon et al., 2002). Given that we see differences in the
response of cells along the D–V axis of the DRG as early as
stage 23, prior to projection of sensory neurons into the spinal
cord (Fig. 3), differences in Shh concentration experienced by
DRG progenitors at different distances from the ventral floor
plate and notochord may play a role in early DRG development
and patterning. Our current study is the first to specifically
examine the role of Shh in the patterning of sensory phenotypes
within DRG.
Our finding that altering Shh function alters the expression of
markers for ventral neurons in DRG (Figs. 4 and 5) does not
conclusively address the origin of dorsal DRG cells expressing
ventral neuronal markers that are formed in response to Shh
treatment. Shh-induced expansion of ventral markers could
occur through at least three distinct mechanisms: 1) increased
proliferation of a specified ventral progenitor population in
combination with selective death of (unspecified or differently
specified) dorsal progenitors, or 2) respecification of dorsally
located progenitors to a ventral fate or 3) by acting as a mitogen
for early progenitors resulting in an expansion in the number of
neurons derived from these progenitors.
Previous work has shown that both DM and VL cells in DRG
share a common lineage. When pre-migratory chick neural crestare labeled with retrovirus and resulting DRG clones analyzed
after sensory neurogenesis is complete, the majority of clones
are mixed (i.e. contain both neurons and glia) and occupy both
DM and VL positions, indicating that pre-migratory neural crest
are not yet restricted (Frank and Sanes, 1991). This conclusion
is supported by a study of fate determination within early DRG
that suggests both neurons and glia are produced from a
common Notch1+/Sox2+ progenitor that generates neurons at
early developmental stages, and subsequently produces glia
(Wakamatsu et al., 2000). Neither of these studies directly
addresses whether or when DRG precursors become specified
to produce particular subtypes of sensory neurons and what
factors control this specification. Our results are consistent with
the possibility that ventral and dorsal progenitors are distinct
early in DRG development; Shh gain and loss of function
manipulations have different effects on dorsal and ventral cells
prior to stage 25.
Sensory pathfinding
Previous studies have demonstrated that numerous guidance
molecules, including semaphorin3a (Kitsukawa et al., 1997;
Masuda et al., 2000, 2003; Taniguchi et al., 1997; White and
Behar, 2000), axonin-1/Tag1/SC2 (Masuda et al., 2000) and
CSPGs produced by the notochord (Masuda et al., 2004),
contribute to the correct navigation of sensory afferents along
their initial route between the spinal cord and the dermomyo-
tome. We found that trkA+ neurons, which arise relatively late
in embryogenesis, fail to pathfind accurately in Shh loss of
function conditions.
It is unlikely that the pathfinding errors we observe arise
from perturbation of signaling from surrounding tissues because
D–V patterning of the spinal cord and somite is largely
complete by stage 15 (Brent and Tabin, 2002; Briscoe et al.,
2000). More likely, these observations suggest that Shh either
directly or indirectly affects sensory pathfinding. Shh con-
tributes to both ventral (Charron et al., 2003) and longitudinal
guidance (Bourikas et al., 2005) of commissural axons in the
spinal cord, suggesting Shh could directly affect the pathfinding
of trkA+ sensory afferents.
Alternatively, Shh may indirectly affect the pathfinding of
later arising trkA+ fibers, via its effects on earlier arising sensory
axons that normally pioneer the ventral sensory nerve or on the
pathfinding of early arising motor neurons. In normal animals,
later arising, trkA+ afferents tightly fasciculate with preexisting
axons (Fig. 6A; Guan et al., 2003) and therefore closely follow
the route established by the early pioneer fibers. When Shh
function is reduced, there is a dramatic loss of trkC+ axons at
stage 23 (Fig. 4), strongly suggesting that generation of ventral
proprioceptive neurons is compromised or delayed in the
absence of Shh. Late arising afferents are cUnc-5H3-negative
and express neogenin (Guan and Condic, 2003), suggesting that
netrin-1 from the dermamyotome or ventral neural tube could
misdirect these neogenin-expressing growth cones along
inappropriate medial and lateral routes when they extend in
an environment where the normal ventral pioneer fibers are
compromised.
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